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Quasiclassical Trajectory Calculations of Acetaldehyde Dissociation on a Global Potential
Energy Surface Indicate Significant Non-transition State Dynamics
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A recent experimental study [Houston, P. L.; Kable, SRtbc. Natl. Acad. Sci. U.S.£2006 103 16079]

of the photodissociation of acetaldehyde @CHO) has suggested two distinct mechanisms for the production

of the molecular products CH- CO. One corresponds to the traditional transition state mechanism and the
other to a transition state-skirting path similar to the roaming channel previously reported in formaldehyde.
To investigate this theoretically, a full-dimensional potential energy surface (PES) has been constructed. The
PES was fit with permutationally invariant polynomials to 135 000 points calculated using coupled cluster
theory with single and double excitations and a perturbative treatment of triple excitations [CCSD(T)] and
correlation consistent basis sets of double- and tiiptgrality. To test the accuracy of the PES additional
CCSD(T) and multireference configuration interaction calculations were carried out. Quasiclassical trajectory
calculations were run on the PES starting at the acetaldehyde equilibrium geometry and also at the conventional
transition state (TS) for the molecular products CH CO. The former calculations agree well with the
experimental results of Houston and Kable; however, those from the TS do not. The implications for a non-
transition state, roaming mechanism in this molecule are discussed.

In a recent report of acetaldehyde photodissociation at 308 ventional transition state, and forms vibrationally excitegl H
nm, Houston and Kablgresented experimental evidence of a and rotationally cold CO.
two-pathway mechanism for formation of GH- CO. They There have been numerous ab initio calculations of stationary
observed CO with high translational and rotational energy and points relevant to the dissociation of @HO5-9 The com-
significant v[lJ correlation, consistent with the traditional plexity of this system has been demonstrated in detail in very
transition state mechanism. However, they also reported that arecent work by Yang et dP Direct-dynamics calculations of
significant percentage of the reactions produce CO with low the dissociation dynamics were reported by KuroSakind
rotational and translational excitation and vidJ correlation. Kurosaki and Yokoyam# These calculations (at the MP2/cc-
They speculated, based on similarities with the simpler and well- pvDZ level of theory/basis) were initiated at the transition state
studied photodissociation of formaldehyde, that these charac-(TS) saddle point for the CHt+ CO product at a total energy
teristics of the CO rotation are a signature of a component non-to simulate 248 nm dissociation. The resultirg rotational
transition state, “roaming” dynamics. distribution is quite hot with a peak at roughly 6@r 7012

The earlier work on formaldehyde to which they referred which is much higher than the peak in the colder experimental
dates back to experiments by van Zee énahere at photolysis  distribution near 20, obtained at 308 nm.
energies just below the threshold for the radicatHHCO, a In this Letter, we report quasiclassical trajectory (QCT)
small shoulder was observed in the experimental CO rotational calculations of the dissociation dynamics of £LHHO at the
distribution at lower values gfco. More recent velocity map  energy of the Houston-Kable experiment using a full-dimen-
imaging experiments together with dynamics calculations on a sjonal, ab initio-based PES. The QCT calculations were initiated
global potential energy surface (PES) confirmed the earlier at the global minimum and also, for comparison purposes, from
speculation by van Zee et athat this shoulder was the result  the CH—CO TS. The CO rotational distributions and the vector
of the influence of the H- HCO radical channét* In reactions correlations are calculated and compared with experiment.
that cause the shoulder, the-i& bond is nearly broken, but The ground-state singlet PES was constructed using proce-
the H atom cannot quite completely dissociate. The H then gy res developed in our grotip®® from roughly 135 000 ab
undergoes large amplitude roaming motion about the HCO andipjtio energies computed with the coupled cluster singles and
eventually abstracts the second hydrogen, bypassing the congjouples method with a perturbative treatment of triple excitations
[CCSD(T)]. The calculations used the correlation consistent
* To whom correspondence should be addressed. E-mail: jmbowma@ basis sets cc-pVDZ, cc-pVTZ, and aug-cc-pVTZ. The smaller

emory.edu. ; ; ; ; ;
T Department of Chemistry and Cherry L. Emerson Center for Scientific basis set energies Were. shifted by the difference in ene_rgy
Computation. between the smaller basis sets and the aug-cc-pVTZ basis at
* Department of Mathematics and Computer Science. the acetaldehyde equilibrium geometry. The CCSD(T) method
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Figure 1. Energy level schematic for selected stationary points on @ PES relative to acetaldehyde equilibrium geometry (kcal/mol). The
upper numbers are PES energies at the PES stationary points, and the lower numbers in parenthesis are CCSD(T)/aug-cc-pVTZ energies at the
corresponding stationary points. CCSD(T)/aug-cc-pVTZ structures are given in Supporting Information.

properly describes dissociation to the singlet productg €H was done to generate initial conditions subject to the constraint
CO; however, it does not properly describe dissociation to of zero total angular and linear momentum. The time step was
radical products like Ck + HCO. Therefore, no ab initio  0.12 fs and trajectories were integrated for a maximum of
calculations were carried out in these regions. Reliable CCSD- 400 000 time steps (48 ps). This large integration time was
(T) calculations were done for the noninteracting separated necessary for a significant fraction (roughly 3/4) of trajectories

radical fragments CgH HCO, CH; + H + CO, H+ CH3CO, to dissociate. Fewer trajectories were run with the sixth order
etc., and it was left to the fit (done using Morse variables and PES owing to the larger CPU time required to use it. For the
permutationally invariant polynomials in terms of them) to fifth (sixth) order PES, 8000 (1800) trajectories were run of

interpolate between the molecular complex and the separatedwvhich roughly 1700 (290) gave GH+ CO.

radical fragments. To test that the PES describes these regions A second set of trajectories was initiated at thes£80 TS

correctly, singles and doubles multireference configuration anq “aimed” toward that channel using the same sampling

interaction (MRCI) calculations were carried out to confirm the  rqcedures that were done for the EQ trajectories, and as were
smooth and realistic behavior of the PES for dissociation t0 jgne previously-12We denote these as TS trajectories; they

radical chanr_1e|s. All calcu_lations were carried out with the .o quite prompt (and can therefore be done with direct
MOLPRO suite of electronic structure prografis. _ dynamicd!13, and so for both the fifth and sixth order PES
This system contains numerous minima, sado"e points, andgnoo TS trajectories were done.
fragment channels, and so global fitting is a major challenge.
Therefore, to test the robustness of the dynamics calculations
two fits were done and used in QCT calculations. These fits
were done with polynomial bases of total order 5 and 6. There
are 2655 terms in the fifth degree fit and 9953 in the sixth degree
fit. As expected for such a complex PES, there are some
guantitative differences between these fits and with the ab initio . . 0 AN
data, for example, energies of some stationary points andchanneél is open, and in fact roughly 50% of the equilibrium
separated fragments differ by several kcal/mol. Figure 1 shows raiectories lead to these products. We dealt with this well-
a comparison of energies from the fifth order fit with present Xnown defect of QCT calculations in the standard way, by
high-level ab initio calculations for the stationary points and discarding those trajectories from the sample. Of the remaining
dissociation channels that were found to be important in the 20% Of dissociating trajectories, roughly 30% yield LHCO,
QCT calculations. A comparison between direct MRCI calcula- 10% Yield CH + HCO (some of these are formed with less
tions and the fifth order PES for cuts leading to £SH HCO than. ZPE), and another 10% yield other prodqcts including
and CHCO + H is given in Supporting Information, where it H-elimination. CHCO + H, was found as avery minor product
can be seen that the fifth order PES does provide a realistic21d GH2 + H20 was not observed. Further discussion of these
description of dissociation to these radical channels. This fit Products will be given in a future publication.
also contains many other stationary points and fragmentation The CO rotational distributions from the EQ and TS sets of
channels, which will be described in detail in a follow-up paper. trajectories run on the fifth and sixth order PESs are compared
Standard QCT calculations were run on the fifth and sixth with the corresponding experimental results of Houston and
order PESs at a total energy corresponding to the 308 nmKable! in Figure 2. The distributions shown are for the dominant
experiments (92.8 kcal/mol). As in previous QCT calculations ground vibrational state of CO (seen in both experiment and
for H,CO 2 trajectories were initiated at the GEHO globall the calculations). The EQ distribution is much colder than the
minimum to avoid biasing the results. The harmonic zero-point TS one and much closer to experiment. There is much less
energy of CHCHO was added giving a total energy of 127.6 trajectory data for the = 1 andv = 2 rotational distributions
kcal/mol. These trajectories are referred to as “equilibrium and thus significant statistical noise, but the EQ distributions
trajectories” and are denoted as EQ. Random microcanonicalare in qualitative agreement with the experimental results while
sampling of the Cartesian momenta in all degrees of freedomthe TS distributions are too hot. The distributions from the fifth-

At 308 nm excitation, the energetically open channels are
CH, + CO, CH; + HCO, GH; + H,O, CHCO + Hy, and H
+ CH3CO. The triple break-up channel, GgH H + CO, is
closed but only by 2.5 kcal/mol, which is less than the zero-
point energy (ZPE) of the products. Thus, in standard QCT
calculations, which do not describe the ZPE of products, the
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Figure 2. (a) Comparison of experimental (ref 1) CO rotational acetaldehyde equilibrium geometry. (b) Trajectories initiated at the
distribution from 308 nm photolysis of acetaldehyde for GO~ 0) conventional transition state.

with calculations from equilibrium trajectories initiated at the £H
CHO minimum, denoted EQ, on the fifth and sixth order PESs; (b)

same as (a) but for _traj_ectqries initiated at _the4€BO transition state,  of joois plotted for EQ and TS trajectories. For EQ trajectories,
o e o o o e e 1 here appears o be almost o correlation for s bu
visualization of the results. cons_|de_rable correlat|or_1 for hlg_her values jeb in good_
qualitative agreement with experiment. By contrast, the trajec-
and sixth-order EQ trajectories are similar, which provides tories initiated at the transition state exhibit strong correlation
confidence in the robustness of the present calculations. in disagreement with experiment but in good agreement with
We also calculated the internal energy distribution of4CH  the previous direct-dynamics TS calculatidis.
The EQ and TS results show significant differences with the  To sum up thus far, the calculations indicate that non-
majority of EQ trajectories giving internal energies greater than transition state dynamics play a major role in the photodisso-
100 kcal/mol and the TS ones giving energies less than 80 kcal/ciation of acetaldehyde. If reaction flux through the conventional
mol. Again, the results from the fifth and sixth order PESs are transition state was the dominant mechanism for formation of
in semiquantitative accord with each other. Plots of these CH; + CO, the EQ and TS trajectories would be in good
distributions are given in Supporting Information. agreement with each other, but they are not. They differ
Next consider the vector correlation between the CO rota- significantly in the CO rotational distribution, GHnternal
tional vector and the relative translational velocity vector of energy, andv(lJ correlation. Such differences were seen
the CH, and CO fragments. In previous direct dynamics TS previously in BCO (the vector correlation property has been
calculations'? it was found that the angle between these vectors investigated theoretically for #£O'8 but as yet has not been
was sharply peaked at 90By contrast, the experiments of probed experimentally) and like 8O suggest two different
Houston and Kabfefound that CO with lowjco have little mechanisms involved in the acetaldehyde photolysis. (Also, it
vector correlation, but the opposite was true for highly rota- appears that non-TS dynamics may be more significant than
tionally excited CO. The calculated vector correlation is shown the 15% estimate given by Houston and Kalitesed on double
in Figure 3, where the angle between these vectors as a functionGaussian fits to their CO rotational distribution.)
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As a first attempt to characterize the non-TS dynamics in under Grant CHE-060071, and the Tungsten computer cluster
the CHCHO dissociation, we examined a number of equilib- was used. The research also used resources of the National
rium trajectories and found several interesting non-TS paths thatEnergy Research Scientific Computing Center, which is sup-
could all be characterized as roaming. In these trajectories, weported by the Office of Science of the U.S. Department of
see near fragmentation to @aAnd HCO and also cases of near Energy under Contract No. DE-AC02-05CH11231. We thank
breakup to CH + H + CO followed in both cases by Larry Harding for sending a preprint of ref 6 and Scott Kable
“abstraction” of the H atom in HCO to form CH, + CO. We and Paul Houston for sending their experimental data.
also see trajectories that do pass through the conventional TS.

On the basis of this examination and simple geometric consid-  Supporting Information Available: Comparision of 1d cuts
eration, it appears that the<C distance at the “moment” where  from PES and MRCHQ calculations, CHl internal energy
the H-atom is transferred is a useful and simple metric to distributions versus CO rotational quantum number, and opti-
distinguish TS and non-TS pathways. We examined this bond mized structures. This material is available free of charge via
length as a function ofco and find that forjco less than 45 the Internet at http://pubs.acs.org.

(which accounts for most of the populationjeé for equlibrium
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